Sequence of genome segment 9 of bluetongue virus (serotype 1, South Africa) and expression analysis demonstrating that different forms of VP6 are derived from initiation of protein synthesis at two distinct sites Alison M. Wade-Evans,* Peter P. C. Mertens and Graham J. Belsham AFRC, Institute for Animal Health, Pirbright Laboratory, Ash Road, Pirbright, Woking, Surrey GU24 ONF, U.K. Bluetongue virus (BTV) VP6 is often resolved into two closely migrating bands by . RNA segment 9 of BTV-serotype 1 South Africa (encoding VP6) has been cloned as cDNA, and the complete sequence has been determined. Expression of this clone both in vitro and in tissue culture produced the same polypeptide doublet as seen previously in extracts from BTV-infected cells. Modification of the cDNA, including the removal of the first initiation codon, demonstrated that the two forms of VP6 are derived from initiation of protein synthesis at two distinct sites and not by post-translational modification.
Bluetongue is an economically important disease of sheep which is characterized by facial oedema, coronitis and death. Bluetongue virus (BTV), a member of the Orbivirus genus within the Reoviridae family, also infects several other species of ruminants, including cattle, although the clinical symptoms are less severe and sometimes absent. The virus is transmitted between mammalian hosts by an obligate vector belonging to the Culicoides genus.
The virus particle is icosahedral and consists of a segmented dsRNA genome encapsidated in a doublelayer protein coat. The 10 dsRNA genome segments each encode at least one virus protein (Mertens et al., 1984) . Seven of these are generally referred to as structural proteins. Two major (VP3 and VP7) and three minor proteins (VPI, VP4 and VP6/VP6a) form the core structure, and VP2 and VP5 form the diffuse outer capsid layer of the virion (Verwoerd et al., 1972; Mertens et al., 1987) . Three non-structural proteins, NS1, NS2 and NS3/NS3a, have also been identified in BTVinfected cells (Mertens et al., 1984; Van Dijk & Huismans, 1988) . NS2 is the only virus protein that is phosphorylated (Huismans et al., 1987; Devaney et al., 1988) and has also been reported to be associated with the outer capsid layer of purified virus particles (Mertens The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under accession number D10905. et al., 1987) . VP5 has recently been shown to be glycosylated (Yang & Li, 1992) . There is no evidence that any of the other structural proteins are post-translationally modified. However, VP6 from purified virus, or produced by in vitro translation of segment 9 ($9), is often resolved into two bands (VP6 and VP6a) on SDS-polyacrylamide gels (Huismans & Bremer, 1981; Grubman et al., 1983; Mertens et al., 1984 Mertens et al., , 1987 . The nature of this doublet has not been defined, but it has been suggested that one species may be a posttranslationally modified form of the other (Huismans & Bremer, 1981) . The function of VP6 has not been clearly identified, but preliminary studies have demonstrated nucleic acid-binding activity, which may indicate an association with viral RNA (Huismans et al., 1987; Roy et al., 1990) .
The complete sequence of BTV-10 $9, which encodes VP6, has been published (Fukusho et al., 1989) . However, BTV-10 is the only documented serotype in which VP6 is not resolved into a doublet (Huismans & Bremer, 1981) . The sequence reported in this paper is of a full-length cDNA clone of $9 from BTV serotype 1 South Africa (BTV-ISA), which produces the two species of VP6. The cDNA was generated as described previously (Wade-Evans et al., 1988 ) using oligonucleotide primers complementary to the 3' terminus of each strand of $9 and cloned into Bluescript (pKS; Stratagene). The primer sequences 5' GTTAAAAAA-TCGCATATGTC 3' and 5' GTAAGTGTGAAATCA- 
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The sequence of the clone, read at least three times from each DNA strand, was determined by direct plasmid sequencing as described by Chen & Seeburg (1985) and compiled into a complete sequence using the BESTFIT program available from the University of Wisconsin Genetics Computer Group package (Devereux et al., 1984) .
Sequence analysis of the cDNA clones obtained from BTV-1SA $9 identified one clone of 1046 bp containing the sequence of both the oligonucleotide primers, one at each terminus, indicating that it was a full-length copy of this segment (Fig. 1). Only one long open reading frame (ORF) was identified within the complete $9 sequence, initiating at nucleotides 16 to 18 and terminating at nucleotides 1000 to 1002. This ORF encodes a polypeptide of 328 amino acids (aa) with a calculated Mr of 36"08K, although the Mr of BTV-1SA VP6 estimated by SDS-PAGE is approximately 48K (Mertens et al., 1984) .
The sequence of BTV-1SA $9 was compared to that of BTV-10 (Fukusho et al., 1989) . The identity between the nucleotide sequences was 86 ~ and was 89 ~o between the amino acid sequences (see Fig. 1 ).
The full-length cDNA was transferred to pET3a (Rosenberg et al., 1987) by NdeI and BamHI digestion so that transcription was under the control of the T7 promoter. The resulting plasmid is referred to as pET3a + 9. pET3a + 9 was linearized using BamHI prior to transcription. RNA transcripts were generated using T7 RNA polymerase, and these were then DNasetreated and phenol/chloroform-extracted according to the protocol supplied by the manufacturer (Promega). The transcripts were then translated into [35S]methionine-labelled proteins in vitro using a rabbit reticulocyte lysate system (Promega). Viral dsRNA, prepared from purified BTV-1SA particles obtained from infected BHK21 cells, was denatured as described by Mertens et al. (1984) and then translated in the in vitro system described above.
Transcription and translation of the full-length cDNA clone of BTV-1SA $9 in vitro using the reticulocyte lysate system produced two forms of VP6, referred to as VP6 and VP6a (Fig. 2, lane 2) , which co-migrate with two products observed after translation of all 10 denatured of BTV-1SA dsRNA segments (Fig. 2, lane 3) . Similar results were obtained using a transient expression system in mammalian cells (Fig. 2, lanes 5 and 6) . The latter studies were performed as described previously (Belsham & Brangwyn, 1990) It has previously been reported that BTV-10 does not produce two forms of VP6. Analysis of the $9 sequence data revealed that a methionine at aa position 5 in BTV-1SA is replaced by an isoleucine in BTV-10 (Fig. 1) . Therefore it seemed possible that the two forms of VP6 represented the products of initiation at separate sites. This hypothesis was tested by deleting the sequence containing the first start codon (nucleotides 16 to 18) so 1 2 3 4 5 6 7
~V P 6 ~V P 6 a Fig. 2 . In vitro and in vivo expression of VP6 polypeptides, cDNA clones of BTV-1SA $9 were expressed both in vitro (lanes 1 to 3) and transiently in vivo (lanes 4 to 7) as described. The cell extracts run in lanes 4 to 7 have also been immunoprecipitated with anti-BTV-ISA serum, whereas lanes 1 to 3 represent total translation mixes. Lanes 2, 5 and 6 contain VP6 polypeptides encoded by the full-length cDNA clone of $9, pET3a + 9. Lanes 1 and 4 contain the proteins encoded by the truncated version of S9, pET3a+9P. Lane 3 contains the proteins encoded by all 10 genome segments of BTV-1SA. Lane 7 is a negative control in which no additional plasmid DNA was transfected into vaccinia virus recombinant vTF7-3-infected cells.
that only a truncated form of VP6, initiating at the second AUG codon (nucleotides 28 to 30), could be synthesized. The deletion of the first 20 nucleotides, including the first initiation codon, was achieved by transferring a P v u l I -B a m H I fragment from pKS+9 (containing the majority of $9, nucleotides 23 to 1046) into pET3a, to produce the plasmid pET3a + 9P. In this construct, transcription of the inserted cDNA sequence is also under the control of the T7 promoter. However, the AUG at nucleotides 28 to 30 is the first initiation codon in the RNA transcript (see Fig. 1 ). The removal of the start codon at nucleotides 16 to 18 prevented translation of the largest polypeptide of the VP6/VP6a doublet, resulting in synthesis of the smaller (VP6a) product only in both in vitro and in vivo assay systems (Fig. 2, lanes 1 and 4) . The only ORF within the $9 sequence large enough to encode VP6a is that which encodes the larger VP6 protein, but initiating at the methionine codon at nucleotides 28 to 30. These results indicate that the two proteins, VP6 and VP6a, produced by transcription/translation of the full-length $9 cDNA are not modified forms of each other, but are translated from the same ORF, initiating separately at the AUG codons at nucleotides 16 to 18 and 28 to 30 respectively. The requirements for two forms of VP6, one a truncated version of the other, are unknown. Since BTV-10 does not appear to produce multiple forms of VP6, it is interesting to note that there is a methionine at aa position 33 in BTV-10 which is replaced by a threonine in BTV-1SA. It is possible that this is the second initiation codon in this serotype, but that the resulting protein (32 aa smaller) may comigrate with VP7, and therefore is difficult to identify.
In eukaryotic cells, protein synthesis is usually initiated by ribosome binding in the vicinity of the 5' cap structure on the mRNA, followed by scanning and initiation of translation at the first AUG codon (Kozak, 1989) . The sequence context of the first initiation codon in both BTV-1SA and BTV-10 $9, CATATGT, is rather poor, with pyrimidines at both positions -3 and +4. This allows leaky scanning, enabling some ribosomes to reach and initiate at a second AUG codon. In BTV-1SA, the second start site (nucleotides 28 to 30) is in a more favourable consensus sequence, GCGATGC, with a purine at position -3 . Kozak (1986) has reported that 17 viral mRNAs produce two (and, in rare cases, even three) overlapping proteins by initiating at both a weak upstream and the next downstream AUG codon. Our observation that BTV-1SA $9 encodes two overlapping proteins produced by translation of the same ORF initiating at two distinct AUG codons (VP6 and VP6a) therefore is not unique, but fits into a well established pattern. It also closely resembles the situation observed in another member of the Reoviridae, simian rotavirus SAIl, $9 of which encodes two species of VP7 by using two in-phase initiation codons (Chan et al., 1986) .
As is the case with the rotavirus VP7 doublet (Chan et al., 1986) , both VP6 and VP6a are packaged within the BTV particle (Mertens et al., 1984) , indicating either a requirement for both forms or a recognition of both polypeptides during particle assembly owing to the similarity of the sequences. Recently published data on the genome coding assignment of two other members of the orbivirus genus, African horsesickness virus (Grubman & Lewis, 1992) and epizootic haemorrhagic disease virus (Mecham & Dean, 1988) , indicate that a protein doublet is encoded by $9 of these two isolates. A protein doublet is also apparent after SDS-PAGE of the in vitro translation products from AHSV-9 $9 (R. O'Hara & P. P. C. Mertens, unpublished results). The expression of two VP6 proteins in a range of orbiviruses would seem to indicate some functional importance. Future studies using bacterially expressed forms of the VP6 protein may provide more information in this area.
